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Abstract. High energy elastic pp differential cross section at LHC at the cm. energy 14 TeV 
is predicted using the asymptotic behavior of Gtoti^) and p(s), and the measured pp differential 
cross section at =546 GeV. The phenomenological investigation has progressively led to an 
effective field theory model that describes the nucleon as a chiral bag embedded in a quark- antiquark 
condensed ground state. The measurement of pp elastic scattering at LHC up to large Itl ^ 10 GeV^ 
by the TOTEM group will be crucial to test this structure of the nucleon. 

High energy pp and pp elastic scattering have been measured at the CERN ISR[1] 
and SPS CoUider[2-3] over a wide range of energy and momentum transfer: = 23- 
630 GeV and Itl = 0-10 GeV^. These measurements have been followed by Fermilab 
Tevatron measurement[4-5] of pp at y/s = 1.8 TeV and Itl = 0-0.5 GeV^. Such a large 
experimental effort naturally presents us with the following questions: 

1. What do we learn from these experiments about NN interactions at high energies? 

2. What insight do we get from them about the physical structure of the nucleon? 
These questions have now assumed greater significance because of the Large Hadron 

Collider (LHC) currently being built at CERN. One of the first experiments planned at 
LHC called TOTEM (Total and Elastic Measurement) will measure pp elastic ^ in the 
near forward direction at an unprecedented cm. energy ^/s = 14 TeV. 

My collaborators and I have been studying high energy pp, pp elastic scattering for 
some time[6-8]. Our initial phenomenological investigation led us to the following 
description. The nucleon has an outer cloud and an inner core (Fig. 1). High energy 
elastic scattering is primarily due to two processes (Fig. 2): 1) a glancing collision 
where the outer cloud of one nucleon interacts with that of the other giving rise to 
diffraction scattering; 2) a hard (or large Itl) collision where one nucleon core scatters 
off the other core via vector meson co exchange, while their outer clouds overlap and 
interact independently. In the small Itl region diffraction dominates, but the hard 
scattering takes over as Itl increases. 

Let me present an example from our recent calculations. The solid curve in Fig. 3 is 
our calculated ^ for pp scattering at ^/s =546 GeV. The dotted curve is the differential 
cross section due to diffraction alone, while the dot-dashed curve is that due to the hard 
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scattering alone. As we can see, diffraction dominates in the small Itl region, but falls 
off rapidly as Itl increases, and the hard scattering takes over. The interference between 
the diffraction and the hard scattering produces the dip. The experimental data are from 
SPS Collider[2]. The thick dashed curve in Fig. 3 is our calculated pp elastic ^ at 
= 500 GeV, which is currently being measured at RHIC in the small Itl region[9]. 
We describe diffraction scattering using the impact parameter representation: 

TD{s,t) = ipW j^bdbJo{bq)TD{s,b)^ (1) 

q is the momentum transfer {q — \/\t\) and Td{s^ b) is the profile function, which is 
related to the eikonal function Xnis.b): Tois^b) = 1 — exp{iXD{s,b)). We take Tois.b) 
to be an even Fermi profile function: 

TD{s,b) = g{s) Vi^exp{(b-R)/a) ^ l+exp{-{b+R) /a) 

The parameters R and a are energy dependent: R = Rq+Ri {Ins— y ), a = ao + ai {Ins— 
y ); ^(5") is a complex crossing even energy-dependent coupling strength. 
Our hard scattering amplitude is of the form 

TH{s,t) ^ cxp[iXD{sm^^r 

The t-dependence is the product of two form factors and the co propagator. It shows that 
ft) probes two density distributions corresponding to the two form factors. The density 
distributions represent the nucleon cores. The factor of s originates from spin 1 of (0. 
The factor ^^^^(^'^) represents absorptive correction due to diffraction scattering. The 
diffraction amplitude obtained by us satisfies a number of general properties associated 
with the phenomenon of diffraction: 

1. Gtot{s) ~ {ao + a\lns)^ (Froissart-Martin bound) 

2. p{s) c:^ aQ+a\lns (derivative dispersion relation) 

3. TD{s,t) - isln^s f{\t\ln^s) (AKM scaling) 

4. T^^{s^t) = T^^{s^t) (crossing even) 

Our present approach is different from our earlier one[8], where we fitted known ^ 
at different energies using complex energy-dependent parameters. Our goal now is to 
obtain the asymptotic behavior and the approach to the asymptotic behavior of the 
elastic scattering amplitude, so that we can predict the pp differential cross section at 
y/s=\A TeV. To this end, we require the energy-dependent parameters to describe 
quantitatively the asymptotic behavior and the approach to the asymptotic behavior of 

total cross section Gtot {s) and p {s) — f^^(^ as known from dispersion relation 
calculations. Furthermore, we require them to describe well the measured pp elastic 
differential cross section at 546 GeV [2]. Here are the results of our calculations of 
OtoAs) (Fig. 4), p{s) (Fig. 5), and ^ at = 546 GeV (Fig. 3) shown earlier. We find a 
satisfactory description. Once the parameters are determined, we can test our model by 
predicting ^ at higher energies where experimental data are available. Fig. 6 shows 
our prediction at = 1.8 TeV for pp compared with the Tevatron data[4-5]. Fig. 7 
shows our prediction for pp elastic scattering at = 630 GeV, where large Itl data are 
available from SPS Collider[3]. These tests indicate that the model provides a 
reasonably quantitative description of high energy elastic scattering. 



We now proceed to predict pp elastic ^ at LHC at the cm. energy 14 TeV (Fig. 8). 
The solid curve is our predicted differential cross section. The dashed curve represents 
the prediction by the impact-picture model of Bourrely et al. and the dot-dashed curve 
represents that by the Regge pole-cut model of Desgrolard et al.[10-13] . The latter 
models predict typical diffraction oscillations in the large Itl region, while our model 
predicts smooth fall-off of ^ for Itl > 1.5 GeV^. The dotted line in Fig. 8 represents 

schematically the expected change in our model in the behavior of ^ from Orear 

fall-off: ^ ^ ^~^Vl^ to a power fall-off: ^ ^ t~^^ due to quark-quark scattering. 

Our phenomenological investigation progressively led us to an effective field theory 
model that describes the nucleon structure. This development began with a criticism of 
our model which was the following: The hard scattering amplitude in our model 
(Eq.(3)) has a factor of s from spin 1 of ft), and the s and t dependence of this amplitude 
shows that (O behaves as an elementary vector meson. On the other hand, at such high 
energies one would expect ft) to Reggeize and s be replaced by s^^^^\ where a(o{t) is 
the (O trajectory. a(o{t) is considerably less than 1 at large Itl and therefore this 
amplitude should give negligible contribution contrary to our calculations. However, 
we noticed that in the non-linear CJ-model of the nucleon, ft) couples to the baryonic 
current like a gauge boson: gcOjjj^, and the baryonic current is topological: 

Jb=^ tr[U^ ^vU dpU [/t daU] (4) 
What this model says is that it is an effective field theory model. But, as long as it 
holds, baryonic current continues to behave as a topological current and (O coupled to it 
as a gauge boson continues to behave as a gauge boson, i.e. as an elementary vector 
meson. And we seem to be seeing this behavior. 

Fortunately, there was a way of testing this conclusion. From our (oNN form factor 
F{t),wt can obtain by Fourier transform the baryonic charge distribution and then 
derive the pion field that gives rise to this baryonic charge distribution. We can compare 
this pion field with the pion field obtained in the n.l. cJ-model, which describes the 
nucleon as a topological soliton or Skyrmion. Here is the result of our analysis: Fig. 9. 
The solid curve is our calculated pion field configuration, or pion profile function 0(r), 
while the dotted and the dashed curves are the pion profile functions from the n.l. 
(7-model. The curves are consistent with each other, if we bear in mind that our curve is 
coming from cm. energy region ^ 23 GeV, while the other curves are coming from an 
energy region of order 1 GeV. Furthermore, the r.m.s. radius for the baryonic charge 
distribution obtained by us is 0.44 F, while that from the n.l. cr-model is about 0.5 F. 

We faced another problem at this point. Even though the n.l. CJ-model when gauged 
describes the low energy properties of the nucleon quite well, it typically predicts a 
soliton mass nisoi ^ 1500 MeV compared to the nucleon mass tun = 939 MeV (see, for 
example, [14]). We obviously had to confront this problem of large soliton mass as we 
were claiming evidence in favor of the soliton model. To this end, we examined a 
model more general than the n.l. c-model. The model turns out to be the linear 
CJ-model of Gell-Mann and Levy, which is described by the Lagrangian: 

^=\j/iY^d^\l/+^{d^ad^a + d^nd^n)-g\[f[a + n 

The model has SU {2)l x SU(2)r x U{l)v global symmetry and spontaneous 
breakdown of chiral symmetry. Xj/ is the quark field, G is an isospin-zero scalar field. 



and n is an isovector pseudoscalar field. The model can be expressed in terms of right 
and left quark fields \i/r^l = 5(1 ± 7^) by introducing a scalar field ^ and a unitary 

field U in the following way: O" + /t • ^ = ^?7, ^ = v O"^ + tt^, ?7 = e . 

The field is the massless Goldstone pion field; U is the Skyrmion field that gives rise 

to the topological baryonic current. In terms of these fields, Eq.(5) takes the form 

-g C (Wl Uxi/R + xffR C/t y/L) - A (C' - (6) 
In the conventional n.l. cj-model, one replaces from the very beginning the scalar 
field ^ by its vacuum value fji. Furthermore, one introduces a Weiss-Zumino-Witten 
anomalous action term[15], which arises from the underlying quark structure of the 
model. It is this action that contains the term gO)^/^, which couples CO to the 
topological baryonic current. The n.l. cj-model also assumes that all the important 
low-energy interactions are in the meson sector. The only important interaction coming 
from the quark sector is that given by the WZW action and no further interaction in the 
quark sector needs to be included. This, of course, leads to a Skyrmion lying in a 
non-interacting Dirac sea (Fig. 10). On the other hand, we notice from the linear 
cj-model that even though replacing ^ by its vacuum value may be reasonable in the 
meson sector, completely neglecting it in the quark sector is questionable, because the 
^ field provides an interaction between left and right quarks (Eq.(6)). The latter makes 
the quarks massive and leads to the spontaneous breakdown of chiral symmetry. This, 
of course, means that we have a soliton lying in an interacting Dirac sea (Fig. 10). What 
one finds is that if the scalar field has a critical behavior, and by this I mean a scalar 
field that is zero for small distances, but rises sharply at some distance R to its vacuum 
value fji (Fig. 11), then the energy of the interacting Dirac sea together with that of the 
scalar field is considerably less than that of the non-interacting Dirac sea[16]. The 
system therefore makes a transition to this lower ground state and significantly reduces 
its total energy or mass. This condensation phenomenon solves the soliton mass 
problem and is analogous to superconductivity. Instead of spin up and down electrons, 
we have left and right quarks forming a qq condensate. 

The behavior of the ^ field shown in Fig. 1 1 has significant implications. First, for 
r < /?, ^ = — quarks are massless, and we are in a perturbative regime. Therefore, 
we end up with the nonperturbative structure of the nucleon shown in Fig. 12, which 
shows that the nucleon is a chiral bag [15, 17] embedded in a qq condensed ground state. 
Second, for momentum transfer Q = sufficiently large, one nucleon probes the 
other nucleon at an impact parameter b ^ ^ < and therefore in the perturbative 
regime where pp elastic scattering originates from valence quark-quark scattering. The 
latter has been investigated by Sotiropoulos and Sterman[18] who concluded that at 
very large \t\,^ ^ t~^^ (same as power counting rules). From our point of view, this 
means that as momentum transfer Q increases, there will be a critical value Qo ^ ^ 
beyond which ^ will tend to a power fall-off. Schematically, the dotted line in Fig. 8 
represents this transition from the nonperturbative regime to the perturbative regime 
and, in fact, will be a signature of the chiral phase transition. 



Concluding remarks 

1 . Our phenomenological investigation has led us to physical aspects of the nucleon 
which have been proposed and studied by other authors in different contexts. 

2. We find that the nucleon is a chiral bag embedded in a quark-antiquark ground state, 
and this ground state is analogous to a superconducting ground state. We also find that 
this structure is described by an effective field theory model — a gauged 
Gell-Mann-Levy linear cj-model. 

3. The experimental study of pp elastic scattering at LHC at = 14 TeV by the 
TOTEM group up to large |^ | will be crucial to test this structure of the nucleon. 
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Figures 1-12: Explanations of the figures are given in the main body of the paper. 
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